Demonstration of an ultracold micro-optomechanical oscillator in a cryogenic cavity^] 
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Preparing and manipulating quantum states of mechanical resonators is a highly interdisciplinary 
undertaking that now receives enormous interest for its far-reaching potential in fundamental and 
applied science [HE]. Up to now, only nanoscale mechanical devices achieved operation close to the 
quantum regime [31 [4]. We report a new micro-optomechanical resonator that is laser cooled to a 
level of 30 thermal quanta. This is equivalent to the best nanomechanical devices, however, with a 
mass more than four orders of magnitude larger (43 ng versus 1 pg) and at more than two orders 
of magnitude higher environment temperature (5 K versus 30 mK). Despite the large laser-added 
cooling factor of 4,000 and the cryogenic environment, our cooling performance is not limited by 
residual absorption effects. These results pave the way for the preparation of 100-^tm scale objects 
in the quantum regime. Possible applications range from quantum-limited optomechanical sensing 
devices to macroscopic tests of quantum physics 



Recently, the combination of high-finesse optical 
cavities with mechanical resonators has opened up new 
possibilities for preparing and detecting mechanical 
systems close to — and even in — the quantum regime by 
using well-established methods of quantum optics. Most 
prominently, the mechanism of efficient laser cooling has 
been demonstrated EJ EE QU H2 EES] and has been 
shown to be capable, in principle, of reaching the quan- 
tum ground state [TU [T5J [IB]. A particularly intriguing 
feature of this approach is that it can be applied to 
mechanical objects of almost arbitrary size, from the 
nanoscale in microwave strip-line cavities |13j up to 
the centimetre scale in gravitational-wave interferome- 
ters In addition, whereas quantum-limited readout 
is still a challenging development step for non-optical 
schemes [3j [17l [18], optical readout techniques at the 
quantum limit are readily available [19] . 

Approaching and eventually entering the quantum 
regime of mechanical resonators through optomechanical 
interactions essentially requires the following three con- 
ditions to be fulfilled: (1) sideband-resolved operation; 
that is, the cavity amplitude decay rate k has to be small 
with respect to the mechanical frequency u> m ; (2) both 
ultralow noise and low absorption of the optical cavity 
field (phase noise at the mechanical frequency can act 
as a finite-temperature thermal reservoir and absorption 
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can increase the mode temperature and even diminish 
the cavity performance in the case of superconducting 
cavities); and (3) sufficiently small coupling of the 
mechanical resonator to the thermal environment; that 
is, low environment temperature T and large mechanical 
quality factor Q (the thermal coupling rate is given by 
ksT/HQ, where ks is the Boltzmann constant and H is 
the reduced Planck constant). So far, no experiment 
has demonstrated all three requirements simultaneously. 
Criterion (1) has been achieved [121 [20]; however, 
the performance was limited in one case by laser phase 
noise [10] and in the other cases by absorption in the 
cavity [13, 20 . Other, independent, experiments have 
implemented only criterion (2) [TTJ Dll EE ED- Finally, 
criterion (3) has been realized in several cryogenic 
experiments [H [13j EU [22] , however not in combination 
with both (1) and (2). 

We have designed a novel micro-optomechanical 
device that enables us to meet all requirements at the 
same time. Specifically, we have fabricated a SisN4 mi- 
cromechanical resonator that carries a high-reflectivity, 
ultralow-loss Bragg mirror (Fig. la), which serves as the 
end mirror of a Fabry-Perot cavity. We designed the 
system to exhibit a fundamental mechanical mode at 
relatively high frequency (of the order of 1 MHz; Fig. 
lb) such that sideband-resolved operation (criterion (1)) 
can be achieved already with a medium-finesse cavity. 
Criterion (2) can first be fulfilled because our solid-state 
pump laser used for optical cooling exhibits low phase 
noise (laser linewidth below 1 kHz). Second, absorption 
in the Bragg mirror is sufficiently low to prevent residual 
heating in the mechanical structure. Absorption levels 
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FIG. 1: High-quality micro-optomechanical resonator, a, Scanning electron micrograph of the basic mechanical system, 
which is formed by a doubly clamped SiaN4 beam. A circular, high-reflectivity Bragg mirror is used as the end mirror of a 
Fabry-Perot cavity. The Bragg mirror is made of low-absorption, alternating dielectric stacks of Ta20s/Si02. The magnified 
section in the inset shows the stacking sequence, b, Micromechanical displacement spectra shown as noise power spectra of 
the readout-beam phase quadrature for a locked and an unlocked cavity. The fundamental mode at uj m — 2ir x 945 kHz 
and all higher mechanical modes are identified by finite element simulation. For the cases that involve large Bragg mirror 
displacements, we provide the simulated mode profile. 



as low as 10 -6 have been reported for similar Bragg 
mirrors |23j and recent measurements suggest even lower 
values of 4 x 10~ 7 for the specific coatings used in this 
experiment (R. Lalezari, private communication). In 
addition, although absorption in SiaN4 is comparable 
to silicon, the transmission mismatch of the two cavity 
mirrors (~10:1) and the resulting low transmission 
through the Bragg mirror prevents residual heating of 
the resonator as has been observed for cryogenically 
cooled silicon cantilevers [23]. Finally, criterion (3) 
requires low temperature and high mechanical quality. 
The mechanical properties of our design are dominated 
by the SiaN4, which is known to exhibit superior 
performance in particular at low temperatures, where 
Q-factors beyond 10 6 have been observed at millikelvin 
temperatures |25| . 

We operate our device, a 100 /im x 50 fim x 1 /im 
microresonator, in a cryogenic 4 He environment at 
10~ 7 mbar and in direct contact with the cryostat cold 
finger. To measure the mechanical displacement, the 
frequency of a 7 fiW continuous-wave Nd:YAG laser is 
locked close to resonance of the cryogenic Fabry-Perot 
cavity (length L ss 25 mm), which consists of a fixed 
macroscopic mirror and the moving micromechanical 
mirror. The optical cavity of finesse F « 3,900 achieves 
moderate sideband resolution (k ss 0.8u) m ), which in 
principle would allow cooling to a final occupation 
number {n) m in — (j^s - ) ~ 0.16, that is, well into the 
quantum ground state |14l 115] . The experimentally 



achievable temperature is obtained as the equilibrium 
state of two competing processes, namely the laser cool- 
ing rate and the coupling rate to the thermal (cryogenic) 
environment. In essence, laser cooling is driven (in the 
ideal resolved-sideband limit and at detuning A = ui m ) 
at a rate T w G 2 /(2k) (G is the effective optome- 
chanical coupling rate, as defined in ref. |16j). whereas 
mechanical relaxation to the thermal environment at 
temperature T takes place at a rate (fcsT /HQ) . The final 
achievable mechanical occupation number is therefore, 
to first order, given by u/ « (1/r) x (ksT/hQ). A 
more accurate derivation taking into account effects of 
non-ideal sideband resolution can be found, for example, 
in refs [21 [T5J [TBI Our experimental parameters 

limit the minimum achievable mode temperature to 
approximately 1 mK («/ ~ 30). The fact that we can 
observe this value in the experiment (see below) shows 
that other residual heating effects are negligible. The 
micromechanical flexural motion modulates the cavity- 
field phase quadrature, which is measured by optical 
homodyning. For Q ^ 1 its noise power spectrum (NPS) 
is a direct measure of the mechanical position spectrum 
S q (u>), as described in ref. [16] . We observe a minimum 
noise floor of 2.6 x lO" 17 rnHz" 5 , which is a factor of 4 
above the achievable quantum (shot-noise) limit, when 
taking into account the finite cavity linewidth, the cavity 
losses and the non-perfect mode-matching, and due to 
the residual amplitude noise of the pump laser at the 
sideband frequency of our mechanical mode. We observe 
the fundamental mechanical mode at oj m = 945 kHz 
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with an effective mass m e ff = (43 ± 2) ng and a quality 
factor Q w 30,000 at 5.3 K (Q w 5,000 at 300 K). 
These values are consistent with independent estimates 
based on finite-clement method simulations yielding 
u> m = 945 kHz and m e ff = (53 ± 5) ng (see the section 
Effective mass). 

Optomechanical laser cooling requires driving of 
the cavity with a red-detuned (that is, off-resonant), 
optical field [U 13 [51 El HH1 HH HU HI]- We achieve 
this by coupling a second laser beam — detuned by A in 
frequency but orthogonal in polarization — into the same 
spatial cavity mode (Fig. 2a). Birefringence of the cavity 
material leads to both an optical path length difference 
for the two cavity modes (resulting in an 800 kHz 
frequency difference of the cavity peak positions) and 
a polarization rotation of the outgoing fields. We 
compensate both effects by an offset in A and by extra 
linear optical phase retarders, respectively. A change in 
detuning A modifies the mechanical rigidity and results 
in both an optical spring effect (u e ff(A)) and damping 
(7 e //(A)), which is directly extracted by fitting the 
NPS using the expressions from ref. [IS]. Figure 2b 
shows the predicted behaviour for several powers of the 
red-detuned beam. The low-power curve at 140 [j,W 
is used to determine both the effective mass of the 
mechanical mode, m e ff, and the cavity finesse, F. For 
higher powers and detunings closer to cavity resonance, 
the onset of cavity instability prevents a stable lock 
(see, for example, ref. [IS]). All experimental data are 
in agreement with theory and hence in accordance with 
pure radiation-pressure effects [15]. 

The effective mode temperature is obtained through 
the equipartition theorem. For our experimental 
parameter regime, Q 3> 1 and (n) 3> 0.5, the in- 
tegrated NPS is also a direct measure of the mean 
mechanical mode energy and hence, through the 
equipartition theorem, of its effective temperature 
through T eff = (m eff u; 2 eff /k B ) /+~ NPS '(w) dw. Note 
that, for the case of strong optomechanical coupling, 
normal-mode splitting can occur and has to be taken 
into account when evaluating the mode temperature [37] . 
In our present case, this effect is negligible because of 
the large cavity decay rate k. The amplitude of the NPS 
is calibrated by comparing the mechanical NPS with 
the NPS of a known frequency modulation applied to 
the laser (see, for example, ref. |28J. For a cold-finger 
temperature of 5.3 K, we obtain a mode temperature 
T = 2.3 K, which is consistent with an expected mod- 
erate cooling due to slightly off-resonant locking of the 
Fabry-Perot cavity (by less than 3% of the cavity inten- 
sity lincwidth). The locking point is deliberately chosen 
to be on the cooling side to avoid unwanted parametric 
mechanical instabilities. The mean thermal occupancy 
was calculated according to (n) = ksT e ff /hu e ff. We 
note, however, that Bose-Einstein statistics will have a 
dominant role as one approaches the quantum ground 



state. 

Figure 3a shows mechanical noise power spectra 
with the cooling beam switched off and with maximum 
cooling beam pump power at 7 mW. For a detuning 
A w u> m , we demonstrate laser cooling to a mean 
thermal occupation of 32 ± 4 quanta, which is more 
than 2 orders of magnitude lower than previously 
reported values for optomechanical devices [TD] and 
is comparable to the lowest reported temperature 
of 25 quanta for nano-electromechanical systems [4] 
(NEMS). In contrast to previous experiments [10J [13], 
the achieved cooling performance is not limited by 
optical absorption or residual phase noise, but follows 
exactly the theoretically predicted behaviour (Fig. 3b). 
This agrees with the expected device performance: 
a fraction of approximately 10~ 6 of the intra-cavity 
power is absorbed by the Bragg mirror (~ 13 /zW 
at maximum cooling) and a maximum of 1% of the 
transmitted power is absorbed by the S13N4 beam [21] 
(~ 14 fiW at maximum cooling and taking into account 
the impedance mismatch of the cavity mirrors). The 
cryogenic cooling power of the cryostat used is orders of 
magnitude larger than the maximum heat load expected 
on the micromechanical structures. The absence of 
absorption can also be seen from the inferred mode 
temperature T e ff, which decreases with the mechanical 
damping rate 7 e // in strict accordance with the power 
law T e f f cx J^ff ■ This relation follows immediately from 
the simple expression for the mechanical occupation nf 
given above {nj cx T^ 1 ) and from the fact that the laser 
cooling rate T is to first approximation equivalent to the 
effective mechanical damping 7 e //, at least for all data 
points of our experiment. Both heating and the onset 
of normal-mode splitting for strong coupling [27 would 
result in a deviation of this behaviour. 

The remaining obstacle that prohibits us from 
reaching the quantum ground state is the intrinsic 
phonon coupling to the thermal environment at rate 
hsT/HQ « 1.4 x 10 7 Hz. By reducing the reservoir 
temperature to that of NEMS experiments (20 mK), 
this coupling will significantly reduce, not only owing 
to the lower bath temperature but also because Si3N4 
resonators markedly improve in mechanical Q with 
decreasing temperature. For example, thermal heating 
rates as low as 3 x 10 3 Hz have been observed for 
SiaN4 at 300 mK (ref. [25]), which would place our 
effective mode temperature already well into the quan- 
tum ground state using otherwise unchanged parameters. 

In summary, we have demonstrated optical cooling 
of the fundamental mode of a 100 /im scale mechanical 
resonator in a cryogenic cavity to a thermal occupation 
of only 32 ± 4 quanta. This is comparable to the per- 
formance of state-of-theart NEMS devices. In contrast 
to previous approaches, the large laser cooling rates 
attained are no longer limited by residual absorption or 
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FIG. 2: Experimental set-up and characterization of optomechanical radiation-pressure interaction, a, The laser 
is split at a polarizing beamsplitter (PBS) into a weak locking field (red) tuned near cavity resonance lo c and the cooling 
field (blue) tuned off-resonant with an acousto-optical modulator (AOM) to lu c + A ~ u) c — u m . An electro-optical modulator 
(EOM) in the weak field is used to generate a Pound-Drever-Hall error signal for cavity locking. The beams are recombined on 
a PBS into the same spatial mode at orthogonal polarization before they enter the cavity comprising an input mirror (IM) and 
the micro-mechanical mirror. The phase quadrature of the locking beam is measured in a homodyne detection scheme (BS: 
beamsplitter; LO: local oscillator; $: local oscillator phase; SA: spectrum analyser). $ is stabilized in a separate proportional- 
integral-derivative controller (PID). A combination of a Faraday rotator (FR) and a half-wave plate (A/2) separates the reflected 
from the original signal, b, The effective frequency uj e ff and damping "j e ff of the micro-mechanical motion for different detuning 
and power settings. All power levels follow the theoretical predictions for pure radiation-pressure interaction. The symbols are 
experimental data, and the solid lines are simulations based on ref. [TS] . The inset shows the data set taken at 140 (jW optical 
power. 



phase-noise effects. This is achieved by a new micro- 
optomechanical resonator design with exceptionally low 
intrinsic optical absorption and both high optical and 
mechanical quality. This leaves the reduction of the 
thermal coupling, for example, by further decreasing 
the environment temperature to those available in 
conventional 3 He cryostats, as the only remaining hurdle 
to prepare the mechanical quantum ground state. Our 
approach hence establishes a feasible route towards the 
quantum regime of massive micromechanical systems. 

Methods 

Micro-mirror fabrication 



Our micro-mechanical oscillator is made of l-^m-thick 
low-stress SiaN4 deposited on a Si substrate and coated 
through ion beam sputtering with a high-reflectivity 
Bragg mirror. Standard photolithography and plasma 
etching is used for forming, in subsequent steps, the 
mirror pad and the micro-mechanical resonator, which 
is finally released from the Si substrate in a XeF2 
atmosphere. The mirror stack, designed and deposited 
by ATFilms, comprises 36 alternating layers of T^O^ 
and Si02 with an overall nominal reflectivity of 99.991% 
at 1,064 nm. The measured finesse of 3,900 is consistent 
with an input coupler reflectivity of 99.91% and with 
extra diffraction losses due to a finite size of the cavity 
beam waist. 
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FIG. 3: Optomechanical laser cooling inside a cryogenic cavity, a, Calibrated noise power spectra for the fundamental 
mechanical mode at 5.3 K environmental temperature with small cavity cooling (top) and at maximum cooling (bottom). The 
thermal energy is reduced from «53,000 quanta at 7 fj,W laser power to 32 ±4 quanta at 7 mW. The vertical axes in both plots 
are logarithmic. The change in the technical noise floor is due to different locking levels of the local oscillator phase $ in the 
homodyne detection, b, Plot of the calibrated effective temperature T e // versus the observed damping 7 e // for various power 
and detuning values of the cooling beam. No deviations from the theoretically expected power-law dependence (red solid line) 
can be observed. The inset shows the mean thermal occupation (n) as a function of detuning for maximal laser power. Cavity 
instability prevents detunings arbitrarily close to resonance. The red solid curve is a simulation based on ref. |16j that uses 
only experimentally obtained parameters. 



Supplementary Information 

Effective mass 

We have estimated the effective mass of the fundamen- 
tal mode of our micromechanical structure using both 
analytic models and FEM analysis. The experimentally 
observed value of 43 ± 2 ng agrees to within 10% with 
the estimated value of 53 ± 5 ng. 

The total mass of the dielectric Bragg mirror (radius 
R ps 24.5 ± 0.5 pm) made of 36 alternating layers of 
Ta 2 5 (p « 8, 200 kg/m 3 , t = 126 A nm) and Si0 2 (p = 
2,200 kg/m 3 , t = 179.6 nm) is 45 ± 5 ng, not taking 
into account the lateral etch and tapering of the mirror 
pad. The large error stems from the uncertainty in the 
exact value of the Ta 2 05 density, which can vary between 
6, 800 and 8, 300 kg/m 3 . The mass of the SiaN4 resonator 
(p = 3, 000 kg/m 3 , approximate dimensions of 100 x 50 x 
1 pm 3 ) is approx. 11 ng, resulting in a maximum total 
mass of 56 ± 5 ng for the full optomechanical device. 

The mode mass, i.e. the actual mass contributing to 
the motion of the SisN4 resonator fundamental mode, 
is approx. 74% of the total mass of the S13N4 resonator 
(see any standard literature on elasticity theory, for ex- 
ample 30J ) . This would result in a total mode mass 
of the optomechanical resonator (SisN4 beam plus mi- 
cromirror) of approx. 53 ±5 ng. However, because of the 
flat-top mode shape of our actual device (see the FEM 



simulation shown in Figure 4), this value is only a con- 
servative lower bound. A more realistic value that takes 
into account the actual mode shape can be obtained di- 
rectly from FEM simulation and is approx. 56 ± 5 ng (see 
below) . 

Finally, to calculate the effective mass one has to take 
into account the mode overlap between the mechanical 
resonator mode and the mode of the optical probe beam 
(for a detailed analysis on the calculation of the effective 
mass sec for example [28 ). Based on the experimen- 
tally obtained optical finesse, which is limited by inten- 
sity losses due to a finite mirror size, we can provide an 
upper bound on the cavity beam waist at the micromir- 
ror position of 8 ± 2 pm. If we assume a mechanical 
mode shape of an ideal doubly-clamped beam of dimen- 
sions 100 x 50 x 1 pm 3 we would calculate an effective 
mass (see e.g. [8j [28] ) of 50 ± 5 ng. Again, the actual 
flat-top mode shape of our device results in a decreased 
mean square displacement (by approx. 6%) compared to 
the ideal doubly-clamped beam. Taking this into account 
yields a final effective mass of 53 ± 5 ng, which agrees to 
within 10% with the experimentally observed value of 
43 ± 2 ng. 

The abovementioned FEM simulations make use of 
the exact geometry and material data for our resonator. 
The main idea is to impose a force on the structure and 
have the FEM simulation calculate the deflection. Using 
Hooke's law one can then extract the spring constant k 
of the device. The mode mass can be extracted by using 
oj m — \Jk/m mo d e - For our specific device the FEM 
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FIG. 4: FEM simulation of our optomechanical device. 
Shown is the side-view of the fundamental resonance mode 
at its maximum displacement (below). The cylindrical mir- 
ror pad on top of the Si3N4 beam induces a flat-top mode 
shape (inset). 



solver provides us with a spring constant of 2, 196 N/m 
and a fundamental mode at u m — 2ir x 945 kHz, which 
results in m rno( i e — 57 ± 5 ng. 



Error analysis 

The error associated with the noise power spectra 
peak areas, which provide the mechanical mean square 
displacement, can be estimated as follows: Assuming 
that the NPS comprises a sequence of N indepen- 
dent data points (x^ yi) (with i = X...N) with mea- 
surement uncertainty (Sxi, Syi) one can calculate the 
area underneath the NPS by Riemann integration as 
Xi)Ui with an uncertainty 5 A = 



A = Eil/Oi+i 



^iL^ix-i+i — Xi) 2 (8yi) 2 , which is obtained by Gaus- 
sian error propagation and neglecting the uncertainty in 
x. The strongly cooled NPS shown in Figure 3a is given 
by a data set of N = 5, 000 points with Xi + i~ Xi — 100 Hz 
and with 8yi w 1 x 10~ 34 m 2 Hz -1 for all i. We ob- 
tain A = 3.780 x 10~ 28 m 2 (by numerically integrat- 
ing the data set), 8 A w \/N x 100 Hzxl x 10" 34 m 2 
Hz -1 = 7.1 x 10~ 31 m 2 and an integrated noise floor of 
N x 100 Hzx7.3 x 10" 34 m 2 Hz" 1 = 3.65 x 10~ 28 m 2 . 
This results in an integrated "real thermal noise" of 
(3.78-3.65) x 10~ 28 m 2 = 1.3 x 10" 29 m 2 with an overall 
error of approx. \/2 x 7.3 x 10~ 31 m 2 « 1 x 10~ 30 m 2 , 
i.e. with an error of approx. 8%. The SNR of our mea- 
surement is therefore sufficient to support our result of 
(n) = 32 and accounts for an uncertainty of (Sn) — ±1.5. 



Other possible sources of experimental uncertainty 
are: an uncertainty related to the absolute displacement 
amplitude calibration (amounting to approx. 12% rela- 
tive uncertainty), an uncertainty related to determining 
the mechanical resonance frequency (known up to an 
error of approx. 5%) and an uncertainty related to the 
absolute power calibration of the intracavity optical 
pump field (known up to an error of approx. 10%). 
These additional experimental uncertainties add up to 
an additional overall error of approx. 25%. All errors are 
conservatively estimated and finally result in (n) — 32±4. 



Shot-Noise 

The noise floor of our measurement is limited by op- 
tical shot-noise. The corresponding displacement noise 
can be calculated according to [21] as 



5x 



A 



Shot — 



T+l P 
T Pmm 



Our experimental parameters (finesse F = 3, 900, input 
power P = 14 ^W, A = 1064 nm, uj m = 2tt x 945 kHz, 
k = 2ir x 770 kHz, input coupler transmission 
T = 900 ppm, overall intra-cavity losses I = 620 ppm, 
optical input power (corrected for imperfect mode- 
matching) Pmm = 7 fiW) result in a minimal noise-floor 
of 5x sh ot = 6 x 10~ 18 m Hz" 5 . 
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